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Mixed-linker approach in designing porous zirconium-based metal-organic frameworks with high hydrogen storage capacity † Ayesha Naeem, Three highly porous Zr(IV)-based metal-organic frameworks, UBMOF-8, UBMOF-9, and UBMOF-31, were synthesized by using 2,2 0 -diamino-4,4 0 -stilbenedicarboxylic acid, 4,4 0 -stilbenedicarboxylic acid, and combination of both linkers, respectively. The mixed-linker UBMOF-31
showed excellent hydrogen uptake of 4.9 wt% and high selectivity for adsorption of CO 2 over N 2 with high thermal stability and moderate water stability with permanent porosity and surface area of 2552 m 2 g
À1
.
Hydrogen has gained enormous attention as a promising energy vector in renewable energy conversion schemes due to its environmentally friendly nature; it can be cleanly produced by electrolysis of water, and water is the main by-product of H 2 combustion. 1 However, especially for applications in automobiles, storage and transportation of hydrogen is a major challenge due to its very low boiling point and low volumetric density in gaseous form. [2] [3] [4] Metal-organic frameworks (MOFs) with very high surface areas are promising candidates for tackling this problem by adsorptive storage of hydrogen to achieve higher hydrogen densities under acceptable conditions. [5] [6] [7] [8] Research in this area has indicated that this class of materials has the potential for meeting the systems' H 2 storage capacity benchmark of 5.5 wt% set for 2017 by the US Department of Energy (DOE). 9 Despite the fact that a large number of MOFs have been studied for hydrogen storage properties, 2, 6, 8, 10, 11 Unlike UBMOF-9, UBMOF-8 did not produce a phase pure material despite extensive efforts to optimise the synthetic conditions. An unidentified amorphous phase was present alongside the crystalline material for UBMOF-8 ( Fig. 2) , as evidenced by a noticeable amorphous halo in the PXRD pattern (Fig. 3A) . As an alternate route to access the pure isostructural MOF with amino groups, we took advantage of the similar coordination behaviours of both linkers and experimentally optimised the ratio of the two linkers. This mixed linker approach resulted in a crystalline phase pure material (UBMOF-31) isostructural to UBMOF-8 and UBMOF-9 when DASDCAH 2 and SDCAH 2 were used in a 1 : 2.5 molar ratio. The empirical formula for desolvated UBMOF-31, [Zr 6 O 4 (OH) 4 (DASDCA) 1.4 (SDCA) 4.6 ] (PhCOOH) 0.78 , was determined from the combination of data obtained from elemental analysis, thermogravimetric analysis (TGA) and NMR spectroscopy (see the ESI †).
The calculated and measured PXRD patterns match closely, suggesting a phase pure crystalline material for the pristine sample UBMOF-9 (Fig. 3B) . The single crystals of UBMOF-8 produced along with powdery amorphous materials can be observed in the SEM images (see the ESI †). The discrepancy of elemental analysis (see the ESI †) for UBMOF-8 further suggests the presence of impurity in the bulk material. The residual amounts of modulator (PhCOOH) inside the MOFs were estimated for the solvent exchanged and dried samples (see the ESI †). In the IR spectra, the presence of CQO stretching frequency (1685 cm À1 ) for noncoordinate benzoic acid indicates their origin as guest molecules, not from defects. The flexibility of the linkers possibly plays a role in minimizing the defects for this class of MOFs, as was observed for another family of isostructural Zr-based MOFs with varied flexibility. 21 In addition, the presence of extensive disorder in the crystal structures restricts any further investigation on the accurate determination of defects in these materials. 22 It is evident from the literature that the presence of amino groups on the linkers facilitates hydrogen adsorption in MOFs. 23 This motivated us to explore an alternate route to produce a phase pure amino functionalized isostructural MOF by a mixed-linker approach with controlled use of both linkers to synthesize UBMOF-31 with the DASDCAH 2 : SDCAH 2 ratio of 1.4 : 4.6. A further increase of DASDCAH 2 resulted in amorphous impurity as originally observed for UBMOF-8. The infrared spectra (see the ESI †) of all three fresh compounds indicate the presence of a large amount of dmf with an intense peak at 1654 cm
, which diminished upon washing with acetone and activation by supercritical CO 2 during gas adsorption studies. The shoulder peaks around 3670 cm À1 possibly originate from the OH groups as suggested in the literature. 24 Thermal stabilities of the three MOFs were studied by TGA in air (see the ESI †) at a heating ramp of 5 1C per minute. All three freshly prepared, air-dried MOFs show a large initial drop in weight (40-50%) due to solvent loss, followed by a stable plateau until they decompose at approximately 494 1C (UBMOF-8), 522 1C (UBMOF-9), and 508 1C (UBMOF-31), indicating thermal stabilities comparable with UiO-66. 13, 14 TGAs of de-solvated and vacuum treated samples were carried out to estimate the linker ratios for UBMOF-31 and the guest modulator, in combination with elemental analysis and NMR spectroscopy (see the ESI †). The PXRD pattern in Fig. 3A suggests that UBMOF-31 is phase pure and isostructural to UBMOF-8 and UBMOF-9 as expected. PXRD analyses of the samples revealed the stability of UBMOF-9 and UBMOF-31 under different conditions as shown in Fig. 3 . Both these materials retain their original structures when treated with acetone for 24 hours at 20 1C, after activation using supercritical CO 2 , and after high-pressure adsorption studies with N 2 , H 2 , and CO 2 . When treated with water at 20 1C for 24 hours, both (UBMOF-8 and UBMOF-31) retain their shiny crystalline morphology to some extent as visually inspected (see the ESI †) and evidenced by PXRD (Fig. 3) , with a small shift in 2y for the low-angle peaks for UBMOF-9. However, UBMOF-31 mostly retains its original PXRD pattern, indicating better water stability compared to UBMOF-9. The hydrothermal treatment (100 1C) of both the MOFs over 24 hours resulted in broadening of the low-angle peaks leaving no visible high-angle peaks, indicating significant loss of crystallinity of the materials. The surface areas of the materials were determined by Brunauer-Emmett-Teller (BET) analysis with N 2 at 77 K using a Micromeritics 3-Flex volumetric gas sorption analyser (P/P o range: 0.05-0.3) following the British Standard guidelines. 25 A sample of UBMOF-9 that had been solvent-exchanged with acetone and degassed at 150 1C for 8 hours under dynamic high vacuum (10 À7 mbar) prior to analysis displayed a surface area of 1169 m 2 g
. In order to access the true intrinsic porosity of these materials, the samples were solvent exchanged and subsequently subjected to supercritical CO 2 (scCO 2 ) extraction. 26, 27 The scCO 2 
respectively, more than twice the value obtained for the thermally dried samples. High pressure hydrogen sorption analysis was carried out for both scCO 2 -activated MOFs. A maximum loading of B4 wt% was observed for UBMOF-9 at a measured range of 13 MPa without reaching saturation (Fig. 4A) . In contrast, UBMOF-31 attains a maximum uptake of 4.9 wt% at 4.6 MPa and 77 K (Fig. 4A) , making it one of the best Zr-based MOFs for hydrogen storage capacity to date. 14 The presence of a maximum observed for UBMOF-31 is usual and expected where the surface interacts positively for the adsorption process, and the adsorption efficiency drops after covering the surface with the first layer of guest molecules. 8, 28 For a brief overview and comparison of hydrogen uptakes by different Zr-based MOFs, see Table S8 .1 in the ESI. † The increased hydrogen storage capacity of UBMOF-31 can be explained by attractive interactions between the H 2 molecules and the amino substituted benzene rings as suggested by theoretical calculations. 23 Although there are a large number of MOFs with high selectivity towards CO 2 adsorption, only a few of them are stable under air and moisture, restricting their possible applications in CO 2 capture and separation. 12 In addition, the presence of amino groups on the linkers often facilitates CO 2 adsorption by the chemisorption process. The presence of both of these features motivated us to further study CO 2 adsorption properties of these MOFs. 29 The CO 2 uptake was recorded to be 8 wt% and 8.6 wt% for UBMOF-9 and UBMOF-31, respectively, at 0 1C and 1 bar pressure. Slightly lower uptakes of 2.06 wt% and 2.86 wt% were observed for UBMOF-9 and UBMOF-31, respectively, at 20 1C and 1 bar pressure (Fig. S8.9 in the ESI †). Adsorption of CO 2 under high pressure was also studied. Notably UBMOF-31 shows much greater affinity towards CO 2 reaching 73 wt% compared to 63 wt% of UBMOF-9 at 1 MPa (Fig. 4B) . 29 However, at a higher pressure, the CO 2 uptake for UBMOF-9 exceeds the value for UBMOF-31 (see the ESI †). Therefore, the first part of the adsorption isotherm is most likely to be dominated by chemisorption at the amine sites and the latter part by physisorption on the internal surface of the highly porous framework. Consistent with this interpretation, a high selectivity towards CO 2 adsorption over nitrogen was observed (15 : 1) for UBMOF-31 in the chemisorption regime at 0 1C and 1 MPa, making it a promising material for CO 2 capture and separation. In summary, we report three new Zr-based MOFs, UBMOF-8, UBMOF-9, and UBMOF-31, with the latter synthesized using a mixed-linker strategy. Because of the presence of amino groups in UBMOF-31, it shows enhanced H 2 adsorption capacity with 4.9 wt% of loading at 4.6 MPa, one of the highest uptakes for Zr-based MOFs reported to date. In addition, UBMOF-31 shows high affinity towards CO 2 adsorption over nitrogen, with a selectivity of 15 : 1 at 0 1C under 1 MPa pressure. In addition to its exceptional hydrogen uptake and selectivity towards CO 2 adsorption, UBMOF-31 shows good hydrolytic stability, making it a promising candidate for further studies and practical applications for gas storage and separation. We are currently working on synthesizing phase pure UBMOF-8 and isostructural materials with an increased proportion of the DASDCAH 2 linker to systematically investigate the effect of amino groups on the hydrogen storage capacity of this family of Zr-based MOFs. 
